We demonstrate a generic approach for the synthesis of single-crystal complex oxide nanostructures of various structure types, such as perovskites, spinels, monoclinic, corundum, CaF 2 structured, tetragonal, and even metal hydroxides. The method is based on a reaction between a metallic salt and a metallic oxide in a solution of composite-hydroxide eutectic at ∼200°C and normal atmosphere without using an organic dispersant or capping agent. The synthesis technique is cost-effective, one-step, easy to control, and is performed at low temperature and normal atomospheric pressure. The technique can be expanded to many material systems, and it provides a general, simple, convenient, and innovative strategy for the synthesis of nanostructures of complex oxides with important scientific and technological applications in ferroelectricity, ferromagnetism, colossal magnetoresistance, fuel cell, optics, and more.
Complex oxides with structures such as perovskite, spinel, and garnet have many important properties and applications in science and engineering, such as ferroelectricity, ferromagnetism, colossal magnetoresistance, semiconductors, luminance, and optoelectronics. [1] [2] [3] [4] [5] [6] Nanostructures (nanoparticles, nanowires, and nanobelts) of complex oxides have attracted much attention because of their size-induced novel properties. Although some synthesis methods are successful for fabricating single-cation oxide nanocrystals, [7] [8] [9] [10] [11] [12] [13] [14] only a limited amount of work is available for synthesizing nanostructures of complex oxides (with two or more types of cations) because of difficulties in controlling the composition, stoichiometry, and/or crystal structure. The existing techniques rely on high pressure, salt-solvent-mediated high temperature, surface-capping agent, or organometallic precursormediated growth process, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] and the types of oxides that can be synthesized are rather limited. Therefore, seeking a simple approach for low-cost, lower-temperature, large-scale, controlled growth of oxide nanostructures at atmospheric pressure is highly desired, and it is important for exploring zero-and one-dimensional complex oxide-based nanostructures for applications in nanodevices and nanosystems.
Here we report a general and widely applicable approach for the synthesis of complex oxide nanostructures of scientific and technological importance. The method is based on a reaction between a metallic salt and a metallic oxide in a solution of molten mixed potassium hydroxide and sodium hydroxide eutectic at ∼200°C and normal atmosphere without using an organic dispersant or capping agent. This methodology provides a one-step, convenient, low-cost, nontoxic, and mass-production route for the synthesis of nanostructures of functional oxide materials of various structure types.
We now use the synthesis of two families of complex oxides, perovskite (ABO 3 ; A x A′ 1-x BO 3 ; AB x B′ 1-x O 3 ) 25 and spinel (AB 2 O 4 ), to illustrate the principle and applications of the approach. The sources of A and A′ cations are from metallic salts, such as nitrates, chlorates, or acetates, and the sources for B and B′ cations are from oxides with valence states that match those present in the desired product to be synthesized. The mixed hydroxides are used to not only mediate the reactions between the raw materials containing A (A′) and B (B′) cations but also to lower the reaction temperature to ∼200°C or even less. A total of eight examples are selected here for illustrating this generalized approach.
Our first example is BaTiO 3 , an important ferroelectric material. 1 The synthesis is performed in the following steps: 26 (i) An amount of 20 g of mixed hydroxides (NaOH/KOH ) 51.5:48.5) (MHDs) was placed in a 25 mL Teflon vessel with a cover for preventing dust. (ii) A mixture of anhydrous BaCl 2 and TiO 2 at 0.5 mmol each was used as the raw material for reaction. (iii) The raw material was placed on the top of the hydroxide in the vessel. The vessel was put in a furnace, which was preheated to 200°C. (iv) After the hydroxides were totally molten, the hydroxide solution was stirred by a platinum bar or by shaking the covered vessel to ensure the uniformity of the mixed reactants. (v) After reacting for 48 h, the vessel was taken out and cooled to room temperature. Deionized water was added to the solid product. The product was filtered and washed by first deionized water and then hot water to remove hydroxide on the surface of the particles. The synthesized product was received. For the next seven types of materials to be presented, all of the synthesis procedures are the same as those stated above except the raw materials in step ii are replaced.
X-ray diffraction (XRD) measurement proved that the assynthesized product is tetragonal BaTiO 3 (P4mm, JCPD 81-2203) ( Figure 1A) . A scanning electron microscopy (SEM) image of the powder shows that the particles are 30-50 nm nanocubes or nanocuboids ( Figure 1B ), and energy-dispersive X-ray analysis (EDS) shows the presence of oxygen, barium, and titanium. Electron diffraction (ED) and high-resolution transmission electron microscope (HRTEM) images show that the nanocubes are single crystal and the three crystal faces are {100} planes ( Figure 1C and inset) .
From the above experimental results, a possible reaction mechanism for the synthesis of BaTiO 3 in hydroxide solution is suggested as follows. Although the melting points of both pure sodium hydroxide and potassium hydroxide are over 300°C, T m ) 323°C for NaOH and T m ) 360°C for KOH, the eutectic point at NaOH/KOH ) 51.5:48.5 is only about 165°C. This is likely the key for synthesizing the complex oxide at ∼200°C or lower. During the reaction process, hydroxides play a role not only as the solvent but also as the reactant for lowing the reaction temperature. In the molten hydroxide, TiO 2 reacts with NaOH/KOH and forms a hydroxide-soluble Na 2 TiO 3 /K 2 TiO 3 . To simplify the expression for chemical reactions here and after, we only include NaOH in the formula for simplicity:
At the same time, BaCl 2 reacts with hydroxide to form Ba(OH) 2 , which is dissolved in the hydroxide solution:
The Na 2 TiO 3 from process 1 reacts with the Ba(OH) 2 produced in process 2 and forms an indissoluble solid BaTiO 3 :
The Gibbs free energy following the above three steps for the formation of BaTiO 3 at 200°C is calculated to be -24.16 kcal/mol. 27 Because the viscosity of hydroxide is large, the formation of BaTiO 3 nanostructure is slow and it is not easy 2NaOH + TiO 2 f Na 2 TiO 3 + H 2 O (1)
for the nanostructures to agglomerate. This is likely the key for receiving dispersive single-crystalline nanostructures during the reaction without using an organic surface-capping material. The hydroxides mediate the reaction, but they are not part of the final nanostructures.
In the second example, Ba 0.5 Sr 0.5 TiO 3 was synthesized to explore the applicability of this method for synthesis of complex perovskites. Following the same procedures used for receiving BaTiO 3 except replacing the raw cationsupplying materials with a mixture of BaCl 2 , SrCl 2 , and TiO 2 at 0.5, 0.5, and 1.0 mmol, respectively. XRD pattern shows that the received product is a pure perovskite Ba 0.5 Sr 0.5 TiO 3 phase ( Figure 1D ). TEM measurement demonstrated that the powder product is nanocubes about 30-40 nm in size ( Figure 1E ). EDS measurement shows that the ratio of the elements in the product is Ba/Sr/Ti ) 1:1:2, demonstrating the controllability in chemical composition. HRTEM observation proved that Ba 0.5 Sr 0.5 TiO 3 nanocubes are single crystals ( Figure 1F and inset). However, there are some defects and atomic disorders in the crystal because strontium and barium share the same sites in the crystal, which possibly results in substitutional point defects. For both BaTiO 3 and Ba 0.5 Sr 0.5 TiO 3 , the crystal face is clean and sharp, and no amorphous layer is present, because no organic reagent or capping material was introduced during the synthesis. The perovskite nanocubes with clean surfaces are desirable for investigating ferroelectricity at the nanoscale level and for building functional components.
A ferromagnetic spinel-structured complex oxide was chosen as the third example to demonstrate the extensive applicability of the synthesis method. (Figure 2A and inset in Figure 2B ). In the product, most particles are nanocubes about 250 nm in size, and nanocuboids about 250 nm wide and 300-400 nm long. From ED patterns of single particles, we can see that the nanocubes and nanocuboids are single crystals. The faces of the nanocubes are the {100} crystallographic planes (Figure 2C and D) . To demonstrate the generality of the synthesis method, we chose colossal magnetoresistivity (CMR) materials, 2 such as BaMnO 3 , as the fifth example. A mixture of BaCl 2 and MnO 2 was chosen as the cation supply material. The vessel was heated at 170°C for 72 h during the synthesis. XRD pattern shows that the product is hexagonal BaMnO 3 (JCPDS-260168, P6 3 /mmc) ( Figure 3A) , and EDS proved that there are only three types of elements, Ba, Mn, and O, in the sample (Figure 3B inset) . The as-synthesized sample consists of nanobelts 20-30 nm thick, 50-80 nm wide, and 800-1000 nm long ( Figure 3B ). ED and HRTEM ( Figure  3D and inset) show that the nanobelts are single crystals ( Figure 3C ). The flat surfaces are (100) plane, and the growth direction is [001] . The length and width of BaMnO 3 nanobelts can be adjusted by varying the reaction conditions, such as the heating temperature or/and heating time during the synthesis process.
When 50% of atoms at the Mn sites in barium manganite were substituted by Ti, BaTi 0.5 Mn 0.5 O 3 was received as the sixth example, which is a high-dielectric-constant material. 28 A mixture of BaCl 2 , MnO 2 , and TiO 2 at 0.422, 0.221, and 0.221 mmol, respectively, was used as the raw material for the synthesis. XRD measurement shows that the crystalline structure of the material is the same as that of BaMnO 3 ( Figure 3E ), and EDS shows that the atomic ratio of Ba/Ti/ Mn is about 1:0.5:0.5 (inset of Figure 3F ). The morphology of BaTi 0.5 Mn 0.5 O 3 is different from that of BaMnO 3 and BaTiO 3 ( Figure 3F ). The particles are elliptical nanobelts about 40 nm wide, 20 nm thick, and 500 nm long. ED and HRTEM show that each nanobelt is a single crystal ( Figure  3G ) with a flat plane of (010). The growth direction is [101] . The formation of Ba(Ti x Mn 1-x )O 3 is described by eqs 10-11. The mechanism about the formation of BaMnO 3 is described as follows: and The seventh example is perovskite BaCeO 3 containing a rare earth metal element, which is a new material that has applications as hydrogen sensors, fuel cells, phosphor, and electrolyzers. 29 A mixture of anhydrous BaCl 2 and CeO 2 at 0.5 mmol each was used as the raw material for the synthesis. XRD shows that the product is a tetragonal perovskite (JCPDS-35-1318) structure ( Figure 4A ). A SEM image shows that the product is a flowerlike nanostructure. The thickness of the leaflike structure is 20-30 nm, the maximum BaCl 2 + NaOH f Ba(OH) 2 +2NaCl
MnO 2 + 2NaOH f Na 2 MnO 3 + H 2 O
Ba(OH) 2 + Na 2 MnO 3 f BaMnO 3 + 2NaOH (9) (11) width is 150-180 nm, and the length is up to micrometers ( Figure 4B ). Elemental analysis by EDS supports the XRD result (inset of Figure 4B) . Figure 4C and E shows the typical shapes of the leaves. From the ED pattern and HRTEM image of the leaf, each leaf is a single crystal. The large surface of the leaf is (010), and its growth direction is [100].
The formation mechanism of BaCeO 3 is similar to that for BaTiO 3 and BaMnO 3 .
As the last example, Pb-V-O was chosen to demonstrate the approach for even more complex structure types other than the perovskite and spinel families. Pb-V-O complexes have low resistivity and novel magnetic properties. 30, 31 A mixture of V 2 O 5 and anhydrous Pb(NO 3 ) 2 at 0.5 mmol each was used as the raw material for the synthesis. The crystalline phase and the ration of elements of the product was proved to be monoclinic Pb 2 V 2 O 7 (JCPDS 70-1547, P2 1 /c) by XRD ( Figure 4G ) and EDS (inset of Figure  4H ). The nanostructure has the morphology of nanobelts with widths of 50-70 nm, thicknesses of 25-30 nm, and lengths of several micrometers ( Figure 4H ). The diffraction pattern ( Figure 4J ) and HRTEM image ( Figure 4K ) from a nanobelt ( Figure 4I ) show its single-crystal structure with a (100) flat surface and [010] growth direction. Figure 4L shows that the cross section of the nanobelt is rectangular. The suggested mechanism about the formation of Pb 2 V 2 O 7 is as follows:
In summary, this paper demonstrates a generic approach for synthesis of complex oxide nanostructures of various structure types. , and more. The received nanostructures of the complex oxides exhibit properties in ferroelectricity, ferromagnetism, colossal magnetoresistance, fuel cell, optics, and more. The synthesis technique has the following unique advantages. First, it is a simple, one-step, and slow-reaction synthesis approach, making it easy to control growth kinetics for tuning the size and morphology of the synthesized nanostructure. Second, the synthesis is at lower growth temperature of ∼200°C at normal atmosphere in an open container, and it needs no expensive or sophisticated equipment; thus, the technique can be easily adopted and transferred for technological applications. Third, the raw materials are cheap and the entire synthesis process is costeffective. The yield is high and it is readily expandable for large-scale production to meet the needs of industry. Fourth, all of the as-received nanostructures are high-quality single crystals, which are required for many applications. Fifth, there is neither a capping reagent nor an amorphous layer on the surfaces of the as-synthesized nanostructures; thus, the clean surfaces can be readily functionalized for various applications. Finally, the synthesis process is nontoxic without producing hazardous waste. The technique can be expanded to many material systems, and it provides a general, simple, convenient, and innovative strategy for the synthesis of nanostructures of complex oxides with important scientific and technological applications. 
